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ABSTRACT
Motivated by recent observations suggesting that core-collapse supernovae may on average produce ∼0.3 M of dust, we
explore a simple dust production scenario which applies to star-forming galaxies in the local environment (the Magellanic Clouds
and possibly the Milky Way) as well as to high redshift (sub- millimeter, QSO, Lyman break) galaxies. We assume that the net
dust destruction (due to supernova reverse shock, shocks in the interstellar medium, or astration) is negligible on a timescale
of 1 Gyr, in which case the dust mass can be estimated as 0.004 times the star-formation rate (for a Chabrier IMF) multiplied
by the duration of the star-formation episode. The model can account for observed dust masses over four orders of magnitude
and across the redshift range 0–8.4, with dust production rates spanning five orders of magnitudes. This suggests that star-
forming galaxies may be seen as maximally dusty, in the sense that a dominant fraction of the dust-forming elements forged in a
supernova eventually will go into the solid phase. In turn, this indicates little destruction of supernova dust or almost complete
replenishment, on a short time scale, of any dust that is destroyed.
Keywords: dust, extinction — galaxies: high-redshift — galaxies: star formation — Local Group — super-
novae: general
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1. INTRODUCTION
A popular picture of cosmic dust production stipulates that
asymptotic giant branch (AGB) stars are major producers
of dust and/or provide the seeds for subsequent growth in
molecular clouds or the interstellar medium (ISM) through
accretion to reach the levels of dust observed in most galax-
ies (e.g., Draine 2009; Hirashita 2012). However, recent ob-
servations challenge this scenario. In particular, the large
dust masses found in high-redshift QSOs (e.g., Wang et al.
2008; Michałowski et al. 2010c; Marrone et al. 2018) can-
not be accounted for by AGB star dust formation because of
the limited time available since the Big Bang (Dwek et al.
2007; Gall et al. 2011c). In parallel, closer to home, Mat-
suura et al. (2009) pointed out a ‘missing dust-mass prob-
lem’ in the Large Magellanic Cloud (LMC) arising from the
inability of existing AGB stars to produce the dust mass ob-
served in the ISM. A similar problem exists in the Milky Way
(MW) (Draine 2009) and the Small Magellanic Cloud (SMC)
(Boyer et al. 2012; Matsuura et al. 2013). Moreover, the dust
emission in the LMC and SMC appears to trace the ISM gas
rather than the stellar content of the galaxies (Meixner et al.
2013). Thus, in the Local Group, AGB and red supergiant
stars appear to directly contribute only a maximum of 5–10
% to the total dust budget.
Current literature is surprisingly divided regarding the ori-
gin of cosmic dust. For example, there are claims that AGB
stars (Valiante et al. 2011; Boyer et al. 2012), supernovae
(SNe) (Gall et al. 2011b,c; Ferrara et al. 2016) or grain
growth in molecular clouds (Draine 2009; Michałowski et al.
2010a,b; Hirashita 2012) are the prime sources. Fairly ad-
vanced chemical evolution models (see, e.g., Dwek 1998;
Calura et al. 2008; Zhukovska et al. 2008; Gall et al. 2011a,b;
Rowlands et al. 2014; Michałowski 2015; Popping et al.
2017) or large scale low resolution cosmological simulations
(McKinnon et al. 2017; Aoyama et al. 2018) are often used as
tools to describe the complex physics and astrophysics of the
life cycle of cosmic dust. The differing conclusions reached
suggest that the outputs of such models, in part, reflect the
physical prescriptions adopted for the formation, transfor-
mation, and destruction of dust as well as the input param-
eters chosen, such as the assumed net dust productivity of
SNe. Furthermore, while the number of measured parame-
ters of a galaxy is often limited to a handful (such as the dust
mass, the stellar mass, the star formation rate, the metallicity,
or the dust-to-gas ratio), chemical evolution models easily
comprise several dozens of unknown or uncertain parame-
ters, some of which may potentially strongly impact the final
conclusions.
In this paper we investigate a simple unifying scenario in
which core-collapse SNe are hypothesized to be responsible,
directly or indirectly, for producing the majority of the dust
in high-redshift star-forming massive galaxies, as well as the
SMC, the LMC, and possibly even the MW (McKinnon et al.
2016). To set the stage, we discuss the state-of-the-art picture
of SN dust production and destruction as well as grain growth
in the dense ISM in Section 2 (this Section can be skipped
from a cursory reading). We next develop a model involv-
ing only few parameters and use recent measurements of the
amount of dust produced by SNe in Section 3. We present
existing observational constraints on Local Group galaxies as
well as high-redshift dusty galaxies in Section 4 and discuss
the results in Section 5.
Our analysis shows that SNe can barely produce all the
dust provided that none of the newly formed SN dust is de-
stroyed. Alternatively, dust has to reform about as quickly
as it was formed in the first place and not be prone to subse-
quent destruction by the processes, which destroyed the orig-
inal SN dust. In this sense, (dusty) galaxies can be seen as
maximally dusty. This result is illustrated in Figure 3 which
relates observed dust masses to those estimated from Equa-
tion 1 in Section 3.
2. STATE OF THE ART: SN DUST PRODUCTION,
DESTRUCTION AND GRAIN GROWTH
Massive stars and core-collapse SNe are known to produce
dust (e.g., Cernuschi et al. 1967; Hoyle & Wickramasinghe
1970; Clayton 1979; Kozasa et al. 1989; Wooden et al. 1993;
Todini & Ferrara 2001; Nozawa et al. 2003; Pozzo et al.
2004; Barlow et al. 2005; Smith et al. 2008; Fox et al. 2009;
Kotak et al. 2009; Cherchneff & Dwek 2010; Kochanek
2011; Smith 2012; Sarangi & Cherchneff 2013, see review
by Gall et al. 2011c). The main issues regarding this sce-
nario are: do core-collapse SNe produce sufficient amounts
of dust and will what they produce survive the transit into
the ISM (Gall et al. 2011c) and subsequent destruction in the
ISM (Jones & Nuth 2011; Slavin et al. 2015).
2.1. SN dust production
A discussion of dust masses inferred from SNe is provided
by Gall et al. (2011c, 2014). While many measurements and
lower limits are available at early times, few accurate mea-
surements have been made at late times, uncontaminated by
intervening sources. Figure 1 is a compilation of reported
dust masses in SNe and SN remnants as a function of time
since explosion. It is an extended version of Figure 4 in Gall
et al. (2014), updated with the latest dust mass measurements
of SNe and supplemented with masses of older SN remnants,
including the 10000 yr old SN remnant Sgr A East (Lau et al.
2015), which has warm (& 100 K) dust mass measurements.
These measurements demonstrate that substantial amounts of
dust (of order 0.1–1 M) can be produced, consistent with
most theoretical estimates (Todini & Ferrara 2001; Nozawa
et al. 2003; Cherchneff & Dwek 2010). Detailed modeling
of existing data suggests that dust mass either increases over
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time (Gall et al. 2014; Wesson et al. 2015), as suggested by
Figure 1, or is formed instantly at early times in optically
thick clumps (Dwek & Arendt 2015).
Only three SNe, SN 1987A, SN 1054 (Crab), and Cas A
have had their dust masses measured accurately. A large
dust mass in SN 1987A was first inferred by Matsuura et al.
(2011) based on Herschel data, later confirmed using ALMA
observations (Indebetouw et al. 2014; Matsuura et al. 2015).
Based on Herschel and Planck data, Gomez et al. (2012) de-
tected significant dust emission from the Crab nebula (see
also Temim & Dwek 2013; Owen & Barlow 2015; Mattsson
et al. 2015). Dust has been detected in the Cas A (Dunne et al.
2003, 2009; Barlow et al. 2010) and N49 (Otsuka et al. 2010)
SN remnants but in these cases it is challenging to distinguish
dust formed by the SN, interstellar dust, or foreground dust.
De Looze et al. (2017) recently managed to overcome this
challenge for Cas A.
Core-collapse SNe interacting with their circumstellar ma-
terial have also been shown to be dust producers (Smith et al.
2008; Mattila et al. 2008; Kotak et al. 2009; Meikle et al.
2011; Gall et al. 2014). Finally, massive progenitors of SNe,
such as luminous blue variable stars, also appear to produce
dust with a standard dust-to-gas ratio (Smith 2012). For ex-
ample, about 0.4 M of dust within 2× 1017 cm has been
inferred in the massive erupting star, η Car (Gomez et al.
2010; Morris et al. 2017). Such dust is usually assumed to be
evaporated by the shock breakout radiation from the ultimate
supernova explosion, but dust at sufficiently large radius may
possibly survive, depending on the details of the shock break-
out radiation.
2.2. SN reverse shock dust destruction
The expanding forward shock resulting from the SN explo-
sion sweeps up any circumstellar and interstellar material,
ultimately leading to the creation of a reverse shock (e.g.,
Chevalier 1977). The presence or absence of substantial cir-
cumstellar material may influence the timescales of when the
reverse shock interacts with the SN-formed (ejecta) dust. For
example, using theoretical models which do not consider any
circumstellar material, it has been suggested that a reverse
shock, launched by the swept up interstellar material only,
may destroy the majority of the dust produced by the SN, on
time scales of∼ 104 years (for an ambient density n∼ 0.1–10
cm−3, e.g., Bianchi & Schneider 2007). On the other hand,
simulations of early reverse shocks in Type IIn SNe interact-
ing with a dense circumstellar shell suggest that the reverse
shock oscillates between layers of swept up material due to
radiative cooling on timescales of tens of days, too short to
affect newly formed dust but able to explain ripples in early
lightcurves (Whalen et al. 2013).
In theoretical models (Bianchi & Schneider 2007; Micelotta
et al. 2016; Bocchio et al. 2016; Biscaro & Cherchneff 2016)
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Figure 1. Supernova dust mass evolution. SN data indicated as grey
and black symbols are taken from Gall et al. (2014, and references
therein). Data for SN 1987A (Matsuura et al. 2015; Lawrence 2012;
Indebetouw et al. 2014; Wesson et al. 2015; Bevan & Barlow 2016)
are indicated as blue symbols. For these SNe, the age refers to the
time past the maximum visual light. SN remnants (SNRs) with cold
dust measurements are indicated as green bars (age here refers to the
time past explosion), namely for SN 1993J and SN 1980K (Bevan
et al. 2017), Cas A (Bevan et al. 2017; Arendt et al. 2014; De Looze
et al. 2017), Kepler (Gomez et al. 2009), Crab (Gomez et al. 2012;
Owen & Barlow 2015; Temim & Dwek 2013), G54.1+0.3 (Temim
et al. 2017; Rho et al. 2017), G292.0+1.8 (Ghavamian & Williams
2016) and N49 (Otsuka et al. 2010). Red bars mark SNRs with
warm dust (& 100 K) measurements for 1E0102 (Rho et al. 2009)
and Sgr A East SNR (Lau et al. 2015). The grey area between 40
and 7305 days illustrates a possible trend of dust formation, while
the grey area from 7305 days to 3000 years reflects the scatter (0.34
M rms) around the mean value of 0.40 ± 0.07 M of the SNRs
within this period.
the properties of the reverse shock (e.g., Chevalier 1977) are
often based on the formalism described in Truelove & McKee
(1999) and references therein. Rather different conclusions
regarding the effect of the reverse shock are reached. For
example, Nozawa et al. (2007) find large survivability rates
while Bianchi & Schneider (2007) find a large destruction
rate. These rates depend on the assumed destruction mech-
anisms as well as the morphology of the SN remnant and
surrounding material.
Part of the discrepancy can also be traced back to the input
model of the dust grain size distribution. Thus, models which
consider either large grains or dust residing in dense ejecta
clumps, lead to survival rates in the range 40–98 % (Silvia
et al. 2010, 2012; Biscaro & Cherchneff 2016; Nath et al.
2008), while, depending on the ambient density, only . 2–
20 % survives in models with very small grains (Bianchi &
Schneider 2007; Mancini et al. 2015; Micelotta et al. 2016;
Bocchio et al. 2016).
Other mechanisms may significantly alter the effects of re-
verse shock interaction with the SN formed dust. ISM mag-
netic fields may lead to dust grains being trapped in the heart
of a SN remnant (Fry et al. 2018). In models taking dust
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charge and magnetic fields into account, dust filaments may
be created by non-linear manifestations of highly- supersonic
resonant drag instabilities (Hopkins & Squire 2018). Such
filaments could drift through the reverse shock, thereby pos-
sibly avoiding effects of the reverse shock entirely. From an
observational perspective, the detection of about 0.02 M of
warm dust (∼ 100 K) in the ∼ 10000 year old SN remnant
Sagittarius A East in the Galactic center suggests that there
is limited dust destruction due to the reverse shock (Lau et al.
2015).
Reverse shocks in SNe and SNRs have also been detected
on much shorter timescales, i.e., of order tens or hundreds
of years. SN 1998S exhibited reverse shock emission after
14 years, at which point significant amounts of dust was re-
ported in the unshocked ejecta inside the reverse shock as
well as in the CSM, outside the reverse shock (Mauerhan &
Smith 2012). Ongoing reverse shock activity has also been
detected in the outer shell of SN 1987A (Sonneborn et al.
1998; France et al. 2011; Fransson et al. 2013), in Cas A
(Morse et al. 2004; Wallström et al. 2013) and in SN 1006
(Winkler et al. 2011). There are also indications of ejecta
dust in other decades-old SNe (Milisavljevic et al. 2012), al-
though it is unclear to what extent the remnants have been
affected by a reverse shock. On the other hand, so far no
such activity has been seen in the ∼ 1000 year old SN 1054
(the Crab nebula), where the dust seems to be shielded in
dense filaments and well set to begin its transit into the ISM
(Gomez et al. 2012).
In summary, it is at present unclear to what extent the
SN produced dust will survive the destruction by the various
short and long time-scale reverse shocks.
2.3. SN forward shock ISM dust destruction
A SN forward shock can strongly affect the existing dust in
the CSM or ISM. A variety of physical processes are at work,
ranging from shattering, which affects the grain size distribu-
tion, to destructive processes, such as sputtering or vaporiza-
tion, which decrease the total dust mass (e.g., Barlow 1978;
Jones et al. 1996; Slavin et al. 2004). These destruction pro-
cesses apply to any kind of dust, not just dust produced by
SNe.
Ongoing dust destruction of swept up ISM dust grains has
been seen in the SNRs N49 (Dopita et al. 2016) and Puppis A
(Arendt et al. 2010). The observations suggest that about 30–
90 % of the Fe-bearing grains around N49 and about 25% of
the graphite and silicate dust around Puppis A is destroyed.
About 35% of the mass of grains are destroyed inside a 0.14
pc region behind the forward shock of the Cygnus Loop SNR
(Sankrit et al. 2010).
Lakic´evic´ et al. (2015) and Temim et al. (2015) found very
large destruction rates of SNe from studies of SN remnants in
the Magellanic Clouds. They concluded that there is less dust
inside the SN remnant, implying a very large destruction rate
and a very short dust survival time.1 These works suggest
that SNe destroy more dust than they form, and hence would
imply that SNe should in principle destroy all dust on very
short time scales, 20–50 Myr. Destruction time scales shorter
than injection time scales (60 Myr) for Si-bearing grains in
the ISM were also found by Tielens (1998). Other estimated
time scales are longer, of order 100 Myr (Jones & Nuth 2011)
or 1000 Myr for the SMC (Matsuura et al. 2013).
Very short destruction time scales could imply that dust
would not be present in most galaxies. It has therefore been
suggested that SNe cannot be allowed to be efficient dust de-
stroyers if we are to observe the dust we see in galaxies (Gall
et al. 2011a,b; Hjorth et al. 2014). As in the case of the re-
verse shock models, the dust composition and grain size dis-
tribution as well as the morphology of the ISM are impor-
tant. Recent estimates of ISM dust destruction time scales
have gone up significantly, to ∼ 2–3 Gyr for (small grain)
silicates (Slavin et al. 2015). These models consider that SN
dust destruction is efficient only in the warm phase of the
ISM, which in the work by Slavin et al. (2015) is assumed
to make up 80% of the ISM. The time scales increase be-
cause dust destruction in the cold and hot phases of the ISM
may be inefficient (Slavin et al. 2015) and are also enhanced
for larger grains or a lower filling factor of the warm ISM as
larger grains are more robust (e.g., Silvia et al. 2010).
Clustered SN explosions, as opposed to isolated SN ex-
plosions, can cause a net increase in the amount of dust in
the surroundings of young massive stellar clusters (Martínez-
González et al. 2018). At small SN shock destruction rates
(i.e., for masses of ISM gas cleared of dust by a single su-
pernova remnant of less than about 100 M), astration will
dominate the dust destruction in galaxies (Hjorth et al. 2014).
2.4. Grain growth in the dense ISM
Dust grains can grow through accretion of ions in the
ISM such as in dense molecular clouds or in the cold neu-
tral medium (e.g., Draine 2009). This process is often
invoked in the Milky Way (Draine 2009; Hirashita 2012;
Zhukovska et al. 2016) and more generally at high redshift
(e.g., Michałowski et al. 2010c), especially in scenarios in
which SNe are assumed to be net destroyers of dust because
of catastrophic reverse shock destruction and forward shock
1 We note that the formal significance of the Lakic´evic´ et al. (2015) re-
sults is marginal and may be affected by warm dust preventing any cold
dust present to be detected (Micelotta et al. 2018). The short dust lifetimes
obtained by Temim et al. (2015) are based on the formalism of Dwek et al.
(2007) to calculate SN dust destruction efficiencies as a function of SN shock
velocity. We note that the analysis assumes small grains and 100 % destruc-
tion at shock velocities of 500 km/s, at variance with the observations of
Puppis A suggesting destruction of up to 25 % of the grains at such veloci-
ties (Arendt et al. 2010).
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destruction of pre-existing ISM dust. Simple grain growth
models often consider spherical grains and assume that all
accreted atoms stick onto the grains, thereby increasing the
mass of grains, possibly yielding rapid accretion time scales
of . 1 Myr (e.g., Hirashita 2012), depending sensitively on
the density of the medium, the type of ion, and the sizes of
the seed grains.
Chemical evolution models typically treat grain growth in
a parametrized way primarily determined by the amount of
gas phase metals instantly mixed into an estimated number
of clouds with assumed physical conditions (lifetimes, tem-
peratures, densities) similar to those in the Milky Way (e.g.,
Draine 2009; Valiante et al. 2011; Pipino et al. 2011; Asano
et al. 2013; Calura et al. 2014; Mancini et al. 2015; Popping
et al. 2017; Ginolfi et al. 2018).
While grain growth in cold (a few tens of K) dense molec-
ular clouds in the Milky Way is an important (but slow) pro-
cess, the physical conditions in massive starburst galaxies is
likely far from similar to those in the Milky Way (Ceccarelli
et al. 2018). Indeed, Ferrara et al. (2016) point out that at high
redshift the higher CMB temperature (TCMB=2.725(1+z))
prevents dust to cool to temperatures (. 20–30 K) required
for particles to stick to the surfaces of seed grains, hamper-
ing efficient grain growth. Additionally, dust growth in cold
molecular clouds largely proceeds through the coating of re-
fractory seed grains with icy mantles composed of primarily
water ice and some molecules such as, e.g., NH3, CO, CO2
and more complex ones (Caselli & Ceccarelli 2012; Boogert
et al. 2015) through hydrogenation and oxidation of atoms
and simple molecules on the surfaces of grains. Dust form-
ing elements such as, e.g., Si, or C are at best embedded as
impurities. While ice mantles possibly foster coagulation
processes in cold molecular clouds (Boogert et al. 2013) on
times scales of 107 yr (Ormel et al. 2009), rapid and efficient
grain growth through accretion processes, however, is uncer-
tain. For example, Ceccarelli et al. (2018) found that grain
growth of Si-bearing grains through accretion of elemental
Si remains impossible at any redshift.
Additionally, the lifetimes of giant molecular clouds is
short, of order 4–25 Myr (Dobbs & Pringle 2013; Baba et al.
2017) and smaller dense molecular clumps, such as the birth
places of massive stars in the LMC, may only live for less
then 1 Myr (Seale et al. 2012). The mixing time scales may
also be longer than ‘instant’, up to 125–350 Myr for massive
galaxies (de Avillez & Mac Low 2002; Krumholz & Ting
2018). Longer mixing timescales may cause an imbalance
between metal production and diffusion, which possibly ex-
plains the large diversity of metallicity distributions in high
redshift galaxies (Petit et al. 2015).
On the other hand, metal depletion studies show that up to
99% of all the iron ejected by core collapse SNe or SNe Ia
is depleted in the various temperature phases of the ISM of
local as well as higher redshift galaxies (Jenkins 2009; De
Cia et al. 2016). Elemental depletion patterns have been sug-
gested to be a signature of grain growth in the ISM through
accretion of ions onto pre-existing grains (Dwek 2016; De
Cia et al. 2016; Zhukovska et al. 2018). The large depletion
rates of iron combined with the lack of evidence for dust for-
mation by SNe Ia (e.g., Gall et al. 2011c; Nittler et al. 2018,
and references therein), which produce a dominant fraction
of the iron in the universe, suggests that a substantial frac-
tion of the iron must be incorporated in dust grains grown in
the ISM. Conversely, the detection of crystalline silicates are
hard to reconcile with dust grown in the ISM (Dwek 2016).
3. ESTIMATING THE DUST MASS DUE TO
SUPERNOVAE IN A STAR-FORMING GALAXY
In this section we develop a simple model for the dust mass
in a galaxy with a given (simple) star-formation history. For
a star-forming galaxy, we estimate the total dust mass pro-
duced by SNe by making the following assumptions:
• The dust is produced during a star-formation episode
of duration∆t with a mean star-formation rate ψ.
• The life times of dust-producing massive stars are neg-
ligible compared to∆t.
• The rate of SNe (i.e., of massive stars) is proportional
to the star-formation rate, i.e., γψ.
• Massive stars (SNe and their progenitors) on average
produce η solar masses of dust.
• On time scales shorter than ∆t, the net growth or de-
struction of dust in the ISM is negligible.
Under these assumptions the resulting dust mass is pro-
portional to the average star-formation rate during the star-
formation episode,
Md = µDψ∆t, (1)
with
µD ≡ γη, (2)
(see also Gall et al. 2011c; Hjorth et al. 2014, whose nota-
tion we adopt in this paper). With this definition, the dust
production rate is simply
DPR≡ Md
∆t
= µDψ. (3)
In the remainder of this Section we discuss the values and
uncertainties of the parameters entering these expressions.
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3.1. The proportionality factor between star-formation rate
and SN rate, γ
The number of core-collapse SNe produced per gas mass
available for star formation is
γ ≡
∫ 40 M
8 M
φ(m)dm∫ 100 M
mmin
φ(m)mdm
. (4)
Here, the stellar initial mass function (IMF), φ(m), is defined
as the number of stars, φ(m)dm, in the mass interval m to
m + dm, where m is the zero age main sequence mass. The
IMF directly determines the number of massive stars explod-
ing as SNe relative to the total mass of stars. It is defined over
the range mmin <m< 100 M, with 0.1 M ≤mmin < 8 M.
The mass range for core-collapse SN formation is tradition-
ally taken to be 8 M < m < 40 M (Heger et al. 2003;
Ibeling & Heger 2013). The Salpeter IMF, which takes a
power-law form,
φ(m)∝ m−α, (5)
with α = 2.35, results in γ = 0.007 M−1.
It is known that the total SN dust production depends on
the IMF (Dwek et al. 2007; Gall et al. 2011c; Hjorth et al.
2014), in particular through γ. However, so does the to-
tal inferred star-formation rate. As long as the star forma-
tion rate is inferred consistently with the same IMF as that
used to infer γ then our results will be largely independent of
the adopted IMF because we will correctly infer the number
of massive stars (and hence dust producing SNe; note how-
ever that a starburst can be sustained for longer for an IMF
disfavouring low-mass stars). Therefore, in this paper we
assume a Salpeter IMF and convert reported Chabrier IMF
based values to Salpeter IMF values using a conversion fac-
tor of 1.8. IMF-independent massive star-formation rates can
be obtained by dividing the Salpeter IMF SFR by 10.
Strolger et al. (2015) compared measured volumetric core-
collapse SN rates to the observed cosmic SFR density (for a
Salpeter IMF Madau & Dickinson 2014). The inferred value
of γ = 0.0091± 0.0017 M−1 suggests that we adopt a 0.15
dex uncertainty in γ for a given IMF.
3.2. The average dust mass per core-collapse SN, η
In Figure 1 we have updated the evolutionary trend sug-
gested by Gall et al. (2014) with recent SN dust mass mea-
surements including SN remnants. It appears that the maxi-
mum amount of dust formed in a SN is reached within about
30 years and is not significantly altered for another 1000
years. Formally, the mean value reached at late times is 0.40
± 0.07 M.
However, this value is based on a very heterogeneous set of
reported measurements and individual systematic uncertain-
ties are hard to quantify. To obtain a more reliable estimate,
we here focus on the three systems alluded to in Section 2.1,
which have exquisite measurements, detailed modeling, and
systematic errors under control. We adopt a dust mass of
0.6±0.3 M for SNe 1987A. In the case of SN 1054 a dust
mass of 0.15 ± 0.12 M is consistent with all reported val-
ues (see Section 2.1 for references). Finally, De Looze et al.
(2017) recently obtained a dust mass of 0.2–0.6 M in Cas
A. The weighted mean of these three accurate observed dust
mass yields is 0.26±0.10 M while the straight mean is 0.38
M.
Such direct averages are likely to be biased since the three
SNe may not be representative of the population of dust-
producing core-collapse SNe. To compute an IMF-averaged
mean dust mass we can compare to theoretical expectations
and thereby take into account the distribution of progenitor
masses.
We define the dust yield per SN as
η ≡
∫ 40 M
8 M
(m)mZ(m)φ(m)dm∫ 40 M
8 M
φ(m)dm
. (6)
We use the analytical ‘maximum efficiency’ of Gall et al.
(2011c),
(m)≡ md
mZ
= 1.2exp
(
−
m
13M
)
, (7)
which is an empirical expression derived from theoretical
predictions of the dust mass per supernova (Todini & Fer-
rara 2001; Nozawa et al. 2003) which does not account for
the effects of reverse shock dust destruction (e.g., Bianchi &
Schneider 2007). Guided by the nucleosynthetic yields found
by Woosley & Weaver (1995) and Umeda & Nomoto (2002)
we assume the following expression for the metal production
as a function of progenitor mass (see Figure 2),
mZ(m) =
0.01
(
m
M
−8
)
m; 8< mM < 30
0.22m; 30≤ mM < 40.
(8)
With these expressions, we obtain an approximately linear
relation between η and α,
η/M ≈ 0.314−0.106 (α−2.35), (9)
independent of mmin (see Figure 2). We note the excellent
agreement between the observed and model dust yields de-
picted in Figure 2. We can therefore infer the expected IMF-
averaged value of the dust yield per supernova to be 0.31 M
to which we associate an uncertainty of 0.15 dex, see Figure
2. Combining the adopted values of γ and η we infer a dust
productivity of µD = 0.0022 (Gall et al. 2011c; Hjorth et al.
2014) for a Salpeter IMF or µD = 0.0040 for a Chabrier IMF,
with a ∼ 0.2 dex uncertainty.
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Figure 2. Lower panel: SN dust yield as a function of SN progeni-
tor mass. The observed cold dust masses for the Crab (Gomez et al.
2012; Temim & Dwek 2013), SN 1987A (Matsuura et al. 2011; In-
debetouw et al. 2014), and Cas A (De Looze et al. 2017) are plotted
as filled black circles. The blue curve is a theoretical estimate of
the SN dust yield (assuming no destruction) (adapted from Fig. 6 of
Gall et al. 2011c using Equation 6). The IMF averaged dust yield
is indicated as the yellow line for a Salpeter IMF. The orange band
indicates the associated 0.15 dex error adopted. The average value
is not strongly sensitive to the uncertain dust yield above 30 M
due to the dominance of stars with lower masses. Upper panel: Rel-
ative metal production as a function of progenitor mass for different
metallicities from Woosley & Weaver (1995) (open symbols) and
Umeda & Nomoto (2002) (filled circle). The blue line is a represen-
tation of these points, as expressed in Equation (8).
3.3. The star-formation rate ψ
Observational SFR indicators are sensitive to possible dust
extinction if inferred from the ultraviolet flux. Moreover,
they strongly depend on the adopted IMF since the far-
infrared or ultraviolet luminosity measures the massive SFR,
while the extrapolation to total SFR depends on the relative
number of lower-mass stars.
We adopt a 0.15 dex uncertainty in ψ for a given IMF, i.e.,
in the massive star-formation rate. We quote SFRs converted
to Salpeter IMF and use a corresponding γ in computing SN
rates. This way the results are independent of mmin.
3.4. The duration of the star-formation episode∆t
Local Group galaxies have an extended star-formation his-
tory during which there will be time for AGB stars to con-
tribute significantly to the dust mass budget (Schneider et al.
2014). There will also be growth of dust grains through ac-
cretion in the ISM. Conversely, destruction, astration and ex-
pulsion will counter these effects. Thus, ∆t should be taken
to be smaller than the time scales relevant to the latter pro-
cesses. For the SMC, LMC and MW, Matsuura et al. (2013)
estimated dust destruction time scales of 1.4 Gyr, 400 Myr
and 500 Myr, respectively. These however were based on
rather high estimates of the SN rates. Jones & Nuth (2011)
estimate dust lifetimes of 0.1–1 Gyr in the ISM of the MW.
We adopt a fiducial value at the upper end of this range,∆t =
1 Gyr, with a 0.3 dex uncertainty, whilst noting that dust de-
struction time scales are subject to current debate, see Section
5.
For massive starbursts at high redshift (e.g., sub-mm galax-
ies) it is likely that a large fraction of the dust observed is
formed in the current burst. For starburst galaxies, the dura-
tion can be assessed from the observational data at hand and
typically turns out to be of order 100 Myr. This is consistent
with recent simulations which suggest that typical starbursts
in galaxies at z ∼ 6 have a duration of about 100 Myr (Cev-
erino et al. 2018), with more massive galaxies having slightly
larger burst durations. In this paper we adopt ∆t = 100 Myr
for z > 6 galaxies while we adopt the slightly longer deple-
tion time scale for sub-millimeter galaxies (SMGs) at z∼ 3.
In total, the combined uncertainty in our theoretical SN
dust mass estimates is ∼ 0.4 dex.
3.5. Observational dust mass estimates
There are significant uncertainties related to determining
dust masses (Gall et al. 2011c). Far-infrared emission is usu-
ally interpreted as thermal dust emission. The temperature
inferred from modified black body fits to the data is degen-
erate with the dust mass and significant amounts of cold dust
could in principle be hidden and still be consistent with ob-
servational constraints. Other issues relate to the assumed
type of dust, and hence the normalisation of the dust ab-
sorption coefficient κ and the emissivity index β (see, e.g.,
Michałowski et al. 2010a, for a discussion of observational
uncertainties related to determining dust masses in SMGs
and QSOs). We adopt an uncertainty of 0.4 dex in observed
dust masses which matches the uncertainty in the dust mass
inferred from the simple model.
4. DATA
For the purposes of illustrating the range of validity of our
simple model, we here discuss the properties of the most
prominent Local Group galaxies as well as a selection of rep-
resentative high-redshift dusty galaxies. Table 1 summarizes
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Table 1. Star Formation and Dust Properties
Galaxy Redshift ψ Md ∆t
(M yr−1) (106 M) (Myr)
SMC 0 0.07 0.11 1000
LMC 0 0.2 1.1 1000
Milky Way 0 3.4 25 1000
SMGs ∼ 2–3 700 400 142
G09 83808 6.03 640 190 100
HFLS3 6.34 1190 300 100
QSO J1148+525 6.42 3000 590 100
SPT0311 E 6.90 972 400 100
SPT0311 W 6.90 5220 2500 100
A1689-zD1 7.5 49 50 100
MACS0416_Y1 8.31 25 4 180
A2744_YD4 8.38 37 5.5 100
NOTE—The star-formation rates are inferred assuming a Salpeter
IMF with mmin = 0.1 M. The horizontal lines delineate differ-
ent object classes, namely Local Group galaxies, intermediate
redshift SMGs, high-redshift SMGs, and high-redshift Lyman-
break galaxies. These are plotted with different colors in Figure
3. For notes on individual objects, see Section 4.
the observational estimates of the star-formation rate and dust
masses, as well as our adopted durations of the star-formation
episode. The individual objects/object classes are discussed
below.
The estimated current star-formation rate of the SMC is
3.7×10−2 M yr−1 (Bolatto et al. 2011), consistent with 0.03
M yr−1 found by Skibba et al. (2012). The current value,
however, is not directly relevant for our purposes because
dust will have been built up over a longer period. Harris &
Zaritsky (2004) inferred a burst of star formation lasting 200
Myr, about 400 Myr ago, at 0.25 M yr−1. In a more recent
study,2
Harris & Zaritsky (2009) find an average 0.18 M yr−1
over 100 Myr (ranging from 0.1–0.3 M yr−1), while the
average over 10 Gyr is around 0.12 M yr−1. Their high
inferred current SFR of order ∼ 0.1 M yr−1 suggests that
we should use the lower boundary of the Harris & Zaritsky
(2009) study. The average lower boundary over 200 Myr (left
panel of their Fig. 19) is about 0.05 M yr−1 while it is about
2 Adopting a Salpeter IMF (D. Zaritsky, private communication, 2014).
0.07 M yr−1 over the past 1 Gyr, which we adopt. We note
that this could be a lower limit. Bot et al. (2010) estimated
a dust mass of 0.29–1.1× 106 M from the measured sub-
mm to cm excess. This could even be a lower limit if there
is very cold dust. However, Skibba et al. (2012) (and ref-
erences therein) argue that such a large dust mass would be
inconsistent with the amount of metals available and instead
quote a dust mass of 1.1× 105 M, which we adopt (Leroy
et al. 2007 find a dust mass of 3×105 M).
For the LMC, Harris & Zaritsky (2009) find that star for-
mation has proceeded at an average rate of roughly 0.2 M
yr−1 for the past 5 Gyr. Skibba et al. (2012) find a dust mass
of 1.1× 106 M, which appears consistent with Matsuura
et al. (2009) who quote a dust mass of 1.6× 106 M, based
on the gas mass and an assumed dust-to-gas mass ratio.
For the MW, Chomiuk & Povich (2011) find ψ = 1.9±
0.4 M yr−1, calibrated to the Kroupa IMF. Correcting to
Salpeter IMF (same correction factor as for the Chabrier
IMF) gives 3.4± 0.7 M yr−1. Draine (2009) estimates the
total amount of dust in the ISM as 0.005 times the mass in
the ISM of 5×109 M, i.e., Md = 2.5×107 M.
SMGs and high-redshift QSOs typically have star-formation
rates of order 1000 M yr−1 and dust masses in the range
108−9 M (Michałowski et al. 2010a,b; Gall et al. 2011b;
Marrone et al. 2018). For a Salpeter IMF we adopt the av-
erage values of 700 M yr−1 and 4× 108 M for SMGs up
to redshift 4 reported by Michałowski et al. (2010a). The
typical duration of such starbursts can be estimated from
the available gas mass available which is of order 1011 M
(Michałowski et al. 2012), i.e., 142 Myr.
A compilation of very high-redshift galaxies was recently
provided by Marrone et al. (2018). Below we summarize the
observations of galaxies for which sufficient information is
available for our purposes.
For the z = 6.42 QSO SDSS J1148+525, which has been
used as a benchmark in many studies of dust formation at
high redshift (Dwek et al. 2007; Gall et al. 2011b; Valiante
et al. 2011), the estimated SFR is 3000 M yr−1 (for a
Salpeter IMF) and the dust mass is 5.9± 0.7× 108 M
(Michałowski et al. 2010b; Gall et al. 2011b). Gall et al.
(2011b) quote a starburst age of 30 Myr.
The lensed high-redshift (z = 6.34) SMG HFLS3 (Cooray
et al. 2014) has an average SFR over 100 Myr of 660 M
yr−1 for a Chabrier IMF, corresponding to 1190 M yr−1 for
a Salpeter IMF. The measured dust mass is 3×108 M.
Marrone et al. (2018) observed the lensed system SPT0311
at z = 6.90, which consists of two separate components, E and
W. The respective star-formation rates (Chabrier) are 540±
175 M yr−1 and 2900± 1800 M yr−1, while the inferred
dust masses are 0.4±0.2×109 Mand 2.5±1.6×109 M.
The gas depletion rates are 74 Myr and 93 Myr.
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Zavala et al. (2018) observed the z = 6.03 lensed dusty
galaxy G09 83808. The Salpeter star-formation rate is 640±
90 M yr−1 and the inferred dust mass, based on Herschel
observations is 1.9±0.4×108 M. The gas depletion rate is
40 Myr for a Chabrier IMF.
The three highest redshift galaxies discussed here have
lower star-formation rates and classify as LBGs rather than
SMGs or ULIRGs. The high-redshift galaxy (z = 7.5) was
detected with ALMA (Watson et al. 2015). Knudsen et al.
(2017) find a current SFR of 13 M yr−1 for a Chabrier IMF.
The reported dust mass is 107.7±0.2 M. The average star-
formation rate over the past 80 Myr is ∼ 49 M yr−1 for a
Salpeter IMF (Watson et al. 2015).
Laporte et al. (2017) observed a Y band dropout lensed by
the cluster Abell 2744. The galaxy A2744_YD4 has a spec-
troscopic redshift of z = 8.38. ALMA observations indicate
a dust mass of 5.5+19.6−1.7 ×106 M and a star-formation rate of
20.4+17.6−9.5 M yr
−1 for a Chabrier IMF.
Another Y band dropout Lyman-break galaxy, lensed by
the cluster MACS J0416.12403, was recently found to be at
a redshift of 8.312 from detection of the [O III] 88 µm line
in ALMA observations (Tamura et al. 2018). The inferred
dust mass is 3.6± 0.7× 106 M (for an assumed dust tem-
perature of 50 K). The star formation rate is ∼ 14 M yr−1
(for a Chabrier IMF) for an age of 180 Myr, with very large
uncertainties, depending on the adopted extinction law.
5. RESULTS AND DISCUSSION
In Figure 3 (lower panel) we plot measured dust masses of
galaxies against the total dust mass produced by SNe, as es-
timated from Equation (1). We also show the corresponding
dust production rates inferred (Equation 2) in Figure 3 (upper
panel). Remarkably, the predictions of the simple model are
entirely consistent with the observed dust masses, within the
considerable uncertainties over four orders of magnitude and
across the redshift range 0–8.4, with dust production rates
spanning five orders of magnitudes.
5.1. Mass conservation constraint on maximally dusty
galaxies
We have shown that observed dust masses are consistent
with being produced by core-collapse SNe at levels similar to
those detected in SN 1987A and the Crab, i.e., of order 0.3–
0.4 M on average. In this sense, star-forming galaxies may
be seen as maximally dusty: they contain the amount of dust
SNe can produce, no more and no less. This is equivalent to
using the ‘maximum efficiency’ SN dust production models
of Gall et al. (2011c), as shown in Figure 2, which assume no
subsequent destruction.
The consistency of the maximally dusty model with ob-
served dust masses in star-forming galaxies is remarkable.
While it is not proof that the dust is actually produced di-
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Figure 3. Observationally inferred values versus model predictions,
based on Equation (1) and Table 1. A value of µD = 0.0022 was
adopted for consistency with the use of a Salpeter IMF to infer the
observed star-formation rates. Uncertainties are assumed to be 0.4
dex (uncertainties in the DPR have been circularized for simplicity).
Blue circles signify Local Group galaxies, the green circle repre-
sents intermediate redshift SMGs (z∼ 2–3), the red circles represent
high-redshift SMGs (z ∼ 6–7), and the purple circles represent the
highest redshift Lyman break galaxies (z ∼ 7.5–8.4). Lower panel:
The model dust masses (Equation 1) are largely consistent with the
observed dust masses over four orders of magnitude in dust mass
and over the redshift range 0–8.4. Upper panel: The dust produc-
tion rates (Equation 2) are consistent with the observed values over
five orders of magnitude.
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rectly in SNe, it sets a strong constraint on models of dust for-
mation in that other dust production mechanisms must obey
this mass conservation constraint. For example, if dust is de-
stroyed it must reform in about the same quantities.
5.2. Reformation behind the reverse shock
The main concern in adopting SNe as the dominant dust
factories in star-forming galaxies is that the dust could pos-
sibly be destroyed shortly after its formation (see Sections
2.2 and 2.3). Regarding destruction by the SN itself we now
know that the dust apparently survives and even grows over
the first 30 years, as evidenced by the large amounts of ejecta
dust in SN 1987A (see Fig. 1). In the coming years we will
know if the reverse shock will eventually destroy the dust
formed.
On the other hand we also note that while shocks may
destroy dust, they might also induce either dust forma-
tion, re-formation or re-growth. A classical example where
dust re-formation in a SN has been suggested is SN 2008S
(Kochanek 2011). Signatures pointing to either dust re-
formation or re- growth are seen behind the reverse shock in
SN 1987A (M. Matsuura, private communication). Addition-
ally, in Type IIn SNe, very early dust formation takes place
in the cool dense shell, which is formed between the forward
and reverse shock in the dense circumstellar medium. Promi-
nent examples are SN 2005ip, 2006jd, 2010jl or 2011ht (e.g.,
Seale et al. 2012; Humphreys et al. 2012; Gall et al. 2014). A
similar mechanism may foster ’in-situ’ dust re-formation or
re-growth behind a reverse shock penetrating through ejecta
dust, in which case the dust budget affected by a reverse
shock would be a balance between dust destruction and ref-
ormation. However, theoretical models do not find evidence
for dust reformation in the post-reverse shock medium when
assuming all dust has been destroyed by the reverse shock in
the first place (Biscaro & Cherchneff 2014). Nevertheless,
Biscaro & Cherchneff (2014) find that molecules reform and
as discussed in Sections 2.2 and 2.3, whether or not dust gets
destroyed may depend on the actual grain size distribution of
the dust formed in a SN.
5.3. Large grains
As discussed above, from a theoretical point of view, it
has been argued that the majority of dust formed in SNe will
get destroyed in a reverse shock (Bianchi & Schneider 2007;
Mancini et al. 2015; Bocchio et al. 2016) while others find a
much smaller effect (Nozawa et al. 2007). The differences in
the destruction efficiency of dust grains by SN reverse shocks
can be traced back to the strong sensitivity to the markedly
different initial grain size distributions, e.g., resulting from
these models (Todini & Ferrara 2001; Nozawa et al. 2003).
Similarly, variations in destruction time scales and efficien-
cies of ISM dust through SN shocks are also subject to the
grain sizes considered (see Section 2.3). Simulations and
models of dust reprocessing of dust grains through shocks
indicate that large fractions can survive (Silvia et al. 2010),
especially if grains are large (> 0.1µm) (Slavin et al. 2004;
Biscaro & Cherchneff 2016). Recent observations suggest
the formation of a significant amount of large grains. From
the extinction curve of dust formed in the Type IIn SN 2010jl,
Gall et al. (2014) inferred the formation of large grains. Sub-
sequently, this was also inferred from detailed modelling of
the dust formed in SN 1987A and the Crab (Owen & Bar-
low 2015; Wesson et al. 2015; Bevan & Barlow 2016). Bak
Nielsen et al. (2018) also recently found that the extinction
curve of dust formed in the Type IIn SN 2005ip might be in-
terpreted as being due to the formation of large grains. The
formation of large grains in SNe is backed by theoretical
models (Sarangi & Cherchneff 2015) and by the observations
of shallow extinction curves in strongly star-forming regions
(De Marchi et al. 2016).
5.4. Current state of affairs
Under the assumption of efficient SN reverse shock dust
destruction, one is driven to advocate accretion in the ISM
to re-grow dust grains (Draine 2009; Michałowski 2015;
Mancini et al. 2015) (AGB stars are not efficient dust pro-
ducers on short time scales, i.e., at high redshift (Gall et al.
2011b)). This process may be efficient in a MW environ-
ment, but Mancini et al. (2015) suggested from chemical evo-
lution models that the accretion time scale in high-redshift
galaxies must be about 200,000 yr. Such a short time scale3
sets some stringent constraints on this scenario.
While the original suggestion was that accretion would oc-
cur in the cold neutral medium (CNM; n ∼10–100 cm−3)
(Draine 2009) it has been customary to assume that the main
growth site in high-redshift galaxies is in molecular clouds
at a much higher density (> 104 cm−3). However, as demon-
strated by Ferrara et al. (2016) (see discussion in Section 2.4),
grain growth cannot happen efficiently in molecular clouds of
high density, hence one needs to reconsider the CNM (Draine
2009; Zhukovska et al. 2016; Ferrara et al. 2016). In this
case, the density is 2–3 orders of magnitude lower than in
molecular clouds. As the accretion time scale is proportional
to a/n (Asano et al. 2013; Ferrara et al. 2016), where a is the
grain size, this requires grains that are smaller by 2–3 orders
of magnitude, in order to provide the needed increased grain
surface area. Therefore, nm-sized grains are required to be
able to reach sufficiently short growth time scales at high red-
shift. Such small grains pose severe challenges (Zhukovska
3 We note that in chemical evolution models (see Section 3), the entire
evolution of a SN remnant is considered ‘instant’. On the other hand, as
discussed in Section 2.4, the mixing of elements into the ISM may take
many Myr.
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et al. 2018). In particular, the temperatures of such small
grains will be so high, especially considering the high CMB
temperature at high redshift, that accreted ions will not stick
to the grains (Ferrara et al. 2016).
Alternatively, dust reformation and growth could happen
on an even faster time scale, immediately after dust destruc-
tion, e.g., behind the reverse shock of the SN (Section 5.2).
The constraint from our model is that the different scenarios
(SN dust formation, reverse shock re-formation, or interstel-
lar grain growth) must reach the same level of net dust pro-
duction per SN. Given that interstellar destruction processes
due to SN forward shocks or astration apply to any kind of
dust, the need for limited destruction in high-redshift galax-
ies (Gall et al. 2011b; Hjorth et al. 2014) applies to any of
these scenarios. This might favour processes which can pro-
duce large grains.
5.5. Summary
We have gathered recent observational and theoretical re-
sults on SN dust formation and dust content in Local Group
and high-redshift galaxies. The observed dust masses can be
accounted for by a simple unifying model in which the major-
ity of the dust is formed by SNe in the current star-formation
episode. The model does not rule out other dust production
scenarios but they are not strongly required either. It seems
likely that if SNe produce the majority of the dust in massive
high-redshift galaxies, they are also important sources of dust
in Local Group galaxies.
We have not specified exactly how the dust must ultimately
be produced, such as, e.g., in the SN ejecta. The only as-
sumption is that the dust is formed by SNe or massive stars
on a short time scale, i.e., . 10–100 Myr. For example, sig-
nificant dust could have been produced in mass loss events
prior to the SN explosion (or fall-back black hole formation),
or dust may have been formed in rapid grain growth scenarios
out of the metals expelled by the massive star or SN. Rapid
destruction and re-formation of the dust is of course also al-
lowed, as long as the two terms are roughly balanced (Dwek
1998).
We conclude that the amount of dust in star-forming galax-
ies is consistent with having been produced by SNe. More-
over, what has been destroyed must have reformed rapidly.
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